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ABSTRACT  
   
Mixing and dilutions are processes to combine or putting together one or 
more reagents such as biomolecules, enzyme, proteins and emulsions into 
the desired concentrations for further applications in chemical and 
biological applications. The mixing and diluting of chemical solutions in the 
laboratory require the use of large quantity of plasticwares, consume time 
and involve with laborious procedures. Micromixing based on microfluidic 
is a new innovative means to micromix reagents in microliters volume. The 
reactions of mixing in both active and passive micromixers are dependent 
on the mass transport phenomena, viscosity of fluid, molecular diffusion 
and convection. Reynold number indicates if the fluid flow through a 
channel is steady or turbulent, while Péclet number indicates the magnitude 
order between convective and diffusive transport. The success of 
micromixing is also greatly influenced by the velocity, concentration and 
pressure of fluids. Different methods for fabricating microfluidic device 
that include etching, thermoforming, polymer ablation, casting and soft-
lithography will be reviewed. In addition, the applications of different 
designs of micromixers in fluid and particles mixing are illustrated in this 
chapter. 
 
Keywords:  Micromixer, microfluidic, laminar flow, turbulent flow, Péclet 
number, Reynold number 
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5.1 INTRODUCTION 
 
Microfluidic systems have been widely applied for identification of 
biochemical products, diagnosis, drug testing and screening in chemical and 
biological fields. Micromixing techniques employed in microfluidic 
technologies (micromixer) provide a platform for mixing, dilution, chemical 
and cell sorting in biological screening, enzyme assay, and biochemical 
analytical applications. The employment of microfluidics to create clinical 
technologies and conduct biomedical investigation has many significant 
advantages. Firstly, due to the volume of fluids within these microchannels 
is small (femtolitres to microliters), the consumption of reagents and 
analytes are also quite small. The fabrication process to prototype and 
develop microfluidic devices are relatively inexpensive and the complexity 
of the process varies based on the complexity of the microfluidic devices 
and mass production. Akin to microelectronics, microfluidic technologies 
facilitate the fabrication of highly integrated devices which have the 
capability to perform several different functions on the same chip. This 
ability in the field of microfluidics leads to portable clinical diagnostic 
devices for home, thereby eliminating time-consuming and laborious 
analysis procedures in a laboratory known as Lab-On-a-Chip (L.O.C).  
 
Dilution and mixing is one of the important procedures in chemical and 
biological analysis to mix and dilute single or multiple reagents such as 
enzymes, cytochemical, biological molecules into the desired concentrations 
for both chemical and biological analysis such as drug screening, protein 
folding and chemical species manipulation [1]. The conventional serial 
dilution method used in laboratory assessment to mix and dilute solutions 
consume large volume (tenths of milliliters) of reagents, time and laboratory 
plasticwares. In addition, the procedures involve repetitive calculations, 
titration and accurate pipetting that are necessary for withdrawing a specific 
volume of stock solution and dilute them in the separate conical tube [2, 3]. 
Moreover, most of the laboratory plastic wares and pipettes are not reusable 
which contribute to many laboratory’s plasticwares waste that need to be 
managed. Application of microfluidic mixer (micromixer) to dilute and 
mixing reagents provide a solution which consumes fewer reagents, time-
saving and less laborious [4, 5].  
 
Microfluidic is defined as a system consists of integrated microchannels 
which are able to be fabricated in micro or nano-scales with at least one of 
the dimensions is less than or equal to 1.0 mm [6]. The general idea of 
microfluidic mixing is to achieve thorough and rapid mixing of two or 
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numerous samples in a microscale devices [7]. Based on mixing principles, 
micromixers are categorized into two groups namely active and passive 
micromixers. Active micromixers require external perturbation energy to 
blend the sample species and achieve optimum mixing. Types of external 
perturbation energy includes pressure field [8], electrokinetic [9], 
dielectrophoretic [10], electrowetting [11], magneto-hydrodynamic [12] and 
ultrasound [13]. Passive micromixers that are dependent on the mass 
transport phenomena are driven by molecular diffusion and chaotic 
advection. Generally, these devices are designed with channels geometry in 
order to increase the surface area between the different fluids and contact 
time. Passive micromixers can be categorized as T- and Y-shaped 
micromixers [14], parallel lamination micromixers [15], sequential 
lamination micromixers [16], focusing enhanced mixers [17], chaotic 
advection micromixers [18] and droplet micromixers [19]. However, design 
and fabrication of microfluidic mixer involve complex operational control, 
requires well equipped clean room with expensive and highly toxic 
chemicals such as SU-8 photoresists and etchants [20]. 
 
Passive micromixer utilizes no energy input except the mechanism of 
infused liquid (flow rate) at a constant rate. In addition, the magnitude of 
flow rate applied dependent on the design of the micromixer to achieve 
micromixing. A previous study [21], shows that twisted T-shaped 
micromixer with 200 µm in depth and 200 µm wide requires a flow rate 
lower than 1.00 ml/min for acceptable mixing performance. Based on a 
reported study [22], parallel liquid infusion into micromixer at high flow 
rates may enhance mixing by induction of turbulence. It was observed that 
size distribution of emulsion decreases when the flow rate increases due to 
an increase in the turbulent energy. In that study (J.B. You et al. 2015), the 
maximum flow rates fed into the micromixer was 40 ml/min. 
 
In clinical medicine and biological studies, microfluidic systems have been 
applied for identification of biochemical products, diagnosis and drug 
discovery. Implementation of micromixing technologies in the microfluidic 
system enables biological screening [23], enzyme assay [24], cell lysis [25] 
and biochemical analytical [26]. Integration of micromixing into enzyme 
assays contribute to several advantages such as improved cost efficiency, 
low sample consumption and reagents can be thoroughly mixed with 
enzymes [27]. High-throughput permit parallelization of molecular sorting 
and a small volume of samples used enable microfluidic to be selected as a 
tool for biological screening [28]. By integrating micromixers with 
microvalves and micropumps, an active micromixer can mix two or more 
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samples before furthered into polymerase chain reaction (PCR) which is a 
key process in biological engineering. Due to its high sensitivity, high 
throughput, less material consumption, low cost, portability and easy-to-
design, microfluidics devices offer limitless potential and application in 
point-of-care diagnostics, disease management and patient care such as in 
cancer studies [29, 30]. 
 
5.2    MICROFLUIDIC MIXER AND MIXING PRINCIPLES 
 
Mixing is a crucial process in most of the industrial technology such as in 
the fermentation reactors, combustion engines, polymer blends, and 
pharmaceutical formulations [31]. Whilst micromixing is a method meant 
for handling a smaller volume of liquid. Micromixing (micromixer) is one 
of the microfluidic functions for mixing and blending fluids for initiation of 
a biological process such as cell activation, enzyme reaction, and drug 
delivery system [32, 33]. There are several advantages of applying 
microfluidic device (micromixer) in the chemical technological processes 
such as processing efficiency, minimum usage of reagents and ease of 
disposing of devices and fluids [33]. Basically, micromixers are categorized 
into passive and active micromixers. Passive micromixer consists of no 
moving parts and free from additional friction. It does not use external 
forces, fully dependent on molecular diffusion and chaotic advection for 
mixing process [34]. In contrast to active micromixers, external forces are 
applicable to active micromixers by implementing moving elements either 
within the microchannels, a time-variant or a pressure field [35]. 
 
Intensive research over the past two decades in the development of 
microfluidic-based mixers was induced by numerous advantages in fluid 
volume handling within a microfluidic environment. At microscale, 
properties of fluid containing species were able to be controlled by different 
processes performed in a microfluidic environment. The terms species 
refers to elements or particles contained in solution that fed into the inlets 
of the micromixer. The thorough mixing of species can highly influence the 
composition of product for fast reaction in both macro-reactors and 
microreactors [36-39]. Hence, micromixers can provide a fast and 
controllable mixing mechanism as a result of the small dimension and highly 
predictable laminar flow. These properties enable micromixer to be applied 
in dealing with unstable intermediate substances which refer to a molecular 
entity formed during chemical reaction [40, 41]. Microfluidic systems also 
allow spatially and temporally monitoring and controlling the reactions by 
adding reagents at different time intervals during reaction progress. It is 
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performed as reported in [42] to carry out a multistep synthesis of quantum 
dots using the microfluidic droplet reactor. 
 
5.3 REYNOLDS NUMBER, DIFFUSION AND PECLET 
NUMBER 
 
Computational fluid dynamics (CFD) is a study of fluid mechanics which 
employ numerical analysis and data structures to analyze and find a solution 
for problems related to fluid flow. COMSOL Multiphysics is a software that 
can be used to simulate models such as fluid separation in microfluidic 
device [43], fluid velocity in microchannels [44] and viscoelastic fluids in 
rectilinear flow [45]. With the aid of COMSOL Multiphysics simulation, 
previous studies show that microfluidic device had been optimized in terms 
of velocity, concentration and pressure of the fluid flow generated. 
Therefore, the simulation was helpful in the fabrication of a microfluidic 
device as it prevents failure rate in actual fabrication process [46]. 
 
Fluid flow is generally divided into laminar and turbulent as depicted in 
Figure 1. Laminar flow is defined as smooth and constant fluid motion, 
whereas turbulent flow is identified as vortices and flow fluctuations. These 
two types of fluid flows differ in terms of viscous and inertial forces which 
is indicated by Reynolds number (Re). Reynold number is mathematically 
modelled as shown in equation (1): 
 
 
Re =  
ρVL
μ
 
                (1) 
 
where, V is the velocity of the fluid (m/s); µ is dynamic viscosity; L is the 
travel length of fluid (m) and 𝜌 is the density of the fluid (kg/m³). 
 
At low Re, the viscous effects of fluid flow are more significant than inertial 
effects or this is known as the complete laminar flow. In a laminar flow 
system, fluids flow in parallel and velocity within the fluid stream is invariant 
with time when boundary conditions are kept constant. This explained the 
convective mass transfer occurs only in the direction of fluid flow and 
mixing is only possible by molecular diffusion [34]. At high Re, the fluid 
flow is characterized by a turbulent flow of high inertial forces. In turbulent 
flow, the fluid exhibit motion that is random in both aspect of time and 
space and convective mass transport occurs in all directions [47]. Although 
Reynolds number usually related to fluid dynamics and mechanics, it has 
(1) 
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small relevance in the case of transport phenomena analysis in microfluidic 
applications. It is commonly known that Re << 1 produced in any 
microscale microfluidic mixer indicates viscous forces are dominant over 
the convective forces [48]. Convection is defined as the movement of 
molecules or species within fluids such as liquids and gaseous that takes 
place through advection, diffusion or both. The transport of solute species 
in a micromixer occurs through diffusion and/or mass convection. 
 
 
 
Figure 1: Laminar and turbulent flow 
 
Diffusion is known as the process of molecular spreading from a higher 
concentration region to the lower concentration region by following the 
concentration gradient (Brownian motion), which results in a gradual 
mixing. Fick’s law describes diffusion as in as in equation (2).  
 
 
j =  −D
𝑑𝜑
𝑑𝑥
 
(2) 
 
where, φ is the species concentration, x is the position of the species, and D 
is the diffusion coefficient. Simple spherical particles, D can be modelled 
by using Einstein-Stokes equation as in (3). 
 
 
D =  
𝑘𝑇
6𝜋𝜇𝑅
 
(3) 
 
(2) 
(3) 
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where, k is Boltzmann’s constant, T is the absolute temperature, R is the 
radius of the particles and μ is the viscosity of the medium. For example, a 
small molecule of water has a diffusion coefficient of 10-9 m2 s-1 at room 
temperature. 
 
Besides that, diffusion is a nonlinear process in which time t, is necessary 
for a species to diffuse quadratically with x distance. In a simple case of 
diffusion in one dimension, it can be modelled as in (4). 
 
 X2 = 2D𝑡 (4)  
 
where, t is the average time for particles to diffuse over the distance x and 
X represents the stream width of the fluid to be mixed along microchannel 
[49]. In microfluidic length scale, the diffusion distance is may be extremely 
small, particularly if the fluid streams are hydrodynamically focused. Due to 
x varies with square power, a decrease in distance significantly reduces the 
time necessary for mixing completed.  
 
Diffusion of a single solute species in a diluent species is categorized by the 
diffusion coefficient or diffusivity, D as mentioned in Fick’s first and 
second laws [50]. Both laws support two general concepts on the diffusion 
process in microfluidic applications. First, in mixing, concentration 
gradients diffuse from high concentration region to low concentration 
region. And secondly, diffusion is an evolving phenomenon with respect to 
time which resulting in high concentration and low concentration regions 
[50]. It is necessary to simplify the convection-diffusion equation to 
describe the flow in a microfluidic device. The simplification is usually 
applied through analysis of Péclet number (Pe), which is a ratio of 
convective transport to diffusive transport and governed by (5). 
 
 
Pe =  
𝑉𝐿
𝐷
 
(5) 
 
where, V is the velocity of the fluid (m/s); L is the travel length of the fluid 
(m) and D is the molecular diffusivity.     
        
Pe number is used to indicate the relative order of magnitude between 
convective and diffusive transport. Pe number dependent on the molecular 
diffusivity, D [50]. In microfluidic applications, it is general that Pe >> 1 
which explains the dominant mode of mass transport is convection. 
Convection is defined as the movement of molecules or species within 
(4) 
(5) 
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fluids such as liquids and gaseous that takes place through advection, 
diffusion or both. Generally, it can be summarized that a microfluidic device 
has a low Reynolds number (Re<< 1) and high Péclet number (Pe >>1) 
which shows that the flow within the microfluidic device is always laminar 
and diffusion occurs slowly with respect to time. 
 
5.4 REVIEW OF THE METHODS TO FABRICATED 
MICROFLUIDIC DEVICE 
 
Over the past decades, there is an increasing interest in microfluidic devices 
research and development. Today, microfluidic devices in the form of 
micro-electromechanical (MEMS), micro-opto-electromechanical systems 
(MOEMS), and microfluidic systems are found applicable nearly in every 
manufacturing and industrial processes [51]. The fabrication of micron-
sized systems began in 1968 with semiconductor devices like diodes, 
transistors, integrated circuitry, and more complex electronic components. 
Different methods exist to develop a microfluidic chip and these techniques 
can produce a different kind of chips made from various materials. These 
techniques have optimized over time to be economical, less cumbersome 
and to produce customized microfluidic chips faster. 
 
5.4.1 Wet and Dry Etching 
 
Etching is a process to remove any unwanted material such as oxide layer 
on the sample or wafer according to the desired masking pattern. Generally, 
photoresist layer was used to coat on the sample before photolithography 
process for masking pattern. In the case of positive photoresist, the coated 
area that being protected with the mask will be remained after the etching. 
The uncovered area will be etched away. In wet etching, the unmasked 
regions of the materials are removed using etchants. The etching can be 
isotropic, and the material is etched in all 3D directions except masked area 
and leads to an extension of the microchannels. The liquid etchants etch the 
materials at different rates depending on which crystal face exposed to the 
etchants [52]. Meanwhile, in dry etching, plasmas or etchant gases were used 
to remove the unwanted parts of the material leaving behind the 
microchannels. The removal reaction can be physical, chemical or 
hybridization of both. In physical removal reaction, high kinetic energy is 
required which is emitted by a beam of ion, electron or photon. There is 
chemical reaction takes place and the particle energy emitted from ions, 
electron or photon bombard the atoms out from the surface. In chemical 
dry etching, gas molecules are used to react with the surface and remove the 
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atoms of materials from the surface [53]. Reactive ion etching (RIE) is a 
combination of both physical and chemical reaction which employ high 
energy collision from ionization to dissociate the etchant molecules into 
more reactive species [54]. 
 
5.4.2 Thermoforming 
 
Thermoforming refers to thermoplastic deformation process to form a 
partially-finished polymer sheets into a 3D shaped. In thermoforming, a 
material is heated to make it soft and shape into desired form. It is 
commonly used for many plastic products and aided by injection molding 
or hot embossing. The injection molding introduces thermoplastics pellet 
into a heated mold to create a microfluidic chip. This technique allows a 
high quantity fabrication once the parameters have been optimized. 
However, the cost of equipment and mold are expensive which make this 
method not commonly used in the laboratory. Hot embossing is a method 
that involved pressing of heated silicon or metal towards a thermoplastic 
sheet such as poly-(methyl methacrylate) (PMMA) and cyclic olefin 
copolymer (COC) [55, 56]. 
 
5.4.3 Polymer Ablation 
 
Polymer ablation is a process where microstructures are formed using direct 
cutting or patterning processes such as mechanical drilling, sawing, and laser 
micromachining. Although this technique enables fabrication of 
microfluidic device in short period of time and able to produce 3D 
structured microfluidic device (laser micromachining) [57, 58], but the 
resolution of the micropatterning is limited. It is possible that the shape of 
the microchannels are distorted due to inhomogeneous mechanical ablation 
of the material which causes defective of the microfluidic device [57, 58]. 
 
5.4.4 Polymer Casting 
 
Polymer casting is a different method for fabrication of a microfluidic 
device. In this method, the main aim is to create a mold and use a polymer 
to replicate the micropatterns into microchannels. In polydimethylsiloxane 
(PDMS) microfluidic device, the microchannels mainly fabricated using a 
simple soft lithography process in which the PDMS mixture is cast on the 
master mold and followed by bonding process [59, 60]. The casting process 
is a simple process and the layer is easily released from the master mold and 
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this results in reliable and high yield process. A casted and cured layer of 
PDMS can be directly sealed or adhered to another PDMS or glass 
substrates by van der Waals forces [61]. In order to secure high bonding 
strength, oxygen plasma treatment can be carried out to form an O-Si-O 
covalent bond at the PDMS-glass interface [62, 63].  
 
5.4.5 Soft-Lithography 
 
Soft-lithography is a replicating method which is used to produce master 
micromould (mostly made from elastomeric materials) which serve as a 
pattern transfer agent. These master micromoulds can be made from a 
variety of materials but SU-8 photoresist is the most common material used. 
In the photolithography process, the micropatterns are made by curing the 
masked area while exposing the unmasked area of the photoresist to 
ultraviolet lights. The etchant removes the UV exposed area of photoresists 
leaving behind the micropatterns of photoresists. This serves as the 
micromold for the soft lithography. To fabricate the PDMS micropattern 
via soft lithography, the siloxane oligomer and the curing agent are mixed 
thoroughly at ratio 10:1 and degassed in a vacuum chamber. Then, the 
PDMS pre-polymer is poured on the master micromold to replicate the 
shape of the master template and shape according to the features. Cross-
linking of PDMS (polymerization) can occur at room temperature but also 
can be fastened by baking it at 70 °C for 60 minutes. Later, the PDMS can 
be peeled off and bonded to form closed channels [64, 65]. 
 
5.5 POLYMERS FOR FABRICATION OF MICROFLUIDICS 
DEVICE 
 
Polymer materials typically used in microfluidic development can be 
categorized into two major groups, namely, thermosets 
polydimethylsiloxane (PDMS) and thermoplastics. PDMS is one of the 
common thermoset materials used in fabricating microfluidics due to its 
elasticity, gas permeability, and several unique characteristics. PDMS is an 
elastomer-based material that able to be deformed by applying force or air 
pressure. Although both PDMS and thermoplastics have shown high 
biocompatibility for biomolecules and cells application [66, 67], due to the 
gas permeability and high optical transmissivity, PDMS is the major material 
of choice for cellular application microfluidic device [68-70]. 
Thermoplastics are synthetic polymers that have various surface properties 
that enable them to be applied in microfluidic applications. Thermoplastics 
such as poly(methyl methacrylate)(PMMA), polycarbonate (PC), 
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polystyrene (PS), polyvinyl chloride (PVC), polyimide (PI) and family of 
cyclic olefin polymers have been widely established in microfluidics [71-73]. 
In addition, thermoplastics are to be known rigid polymer material that has 
good mechanical strength, low water absorption, and acid/base resistivity.  
 
5.6 MIROMIXER AND THE APPLICATIONS 
 
Micromixer is the crucial parts of an integrated microfluidic system that 
involved in sample preparations process of a chemical analysis. Incorporate 
with other microfluidic components, a lab-on-a-chip can be fabricated for 
assaying of samples and drug delivery and screening are highly possible on 
the same platform. Micromixer benefits the user by low consumption of 
reagents thus resulting in savings on expensive reagents [74]. Certain 
biochemical analyses require two different reagents to be thoroughly mixed 
before the reaction has proceeded considerably. This is required in the 
reaction kinetics studies of chemical and biological substances and also in 
protein folding studies [75, 76]. Table 1 shows the type of micromixer 
previously been worked on and the applications. 
 
5.7 SUMMARY 
 
The challenges of developing a micromixer is the fabrication of 
microstructures that are efficient in producing homogenous mixing of two 
or more input liquids. Resistance to laminar flow is the basic principles in a 
micromixer design. The micromixers can be included with the dilutions 
functions in producing output liquids of different dilutions. The flow of 
liquids can be categorized into laminar and turbulent flow as described by 
continuous fluid dynamic theory. The micromixers design can be in passive 
or active pumping system. In addition, the fabrication techniques of a 
micromixer are based on the industry polymer processing techniques and it 
depends greatly on the chemical and thermal properties of the polymers. 
Various microstructures in designing a micromixer are imitations from the 
nature, human physiological system or electrical system. 
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Table 1: Types of micromixer and applications 
 
Type of 
micromixer 
Design Characteristics Ref. 
Two-tier 
micromixer 
 
 
 
 
Developed based on 
Kirchhoff current law 
and circuit network. 
Advantage: Linear 
dilution into four 
different 
concentrations for 
fluid at the output. 
Disadvantage: 
Purging required to 
stabilized dilutions.  
[77] 
Twisted 3D 
microfluidic 
mixer 
 
 
 
 
 
 
 
This twisted 
microfluidic adapt the 
principle of splitting/ 
recombination and 
chaotic advection in 
the micromixer. 
Proposed for 
application in 
biochemical analyses, 
reagents mixing and 
drug screening.  
Advantage: wide range 
of flow rates can be 
applied 
Disadvantage: mixing 
efficiency was 
unstable for lower 
viscous fluids 
introduced at low flow 
rates. 
[21] 
Low 
pressure 
drop 
suspension 
based 
microfluidic 
mixer 
 
 
 
 
Mixing efficiency is 
markedly increased by 
the addition of 
particles (magnet) to 
the chip. 
Advantage: Complete 
mixing able to be 
achieved in a very low 
flow rate. 
Disadvantage: Not 
[78] 
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suitable for biological 
application as foreign 
particles (magnets) 
were placed in mixing 
chamber. 
 
 
Staggered 
herringbone 
mixer 
(SHM) 
 
 
 
 
 
 
 
 
 
 
SHM that has positive 
convex grooves 
pattern and compared 
the mixing efficiencies 
with conventional 
negative patterns. 
Advantage: forward 
flow shows better 
mixing efficiency than 
reverse flow with a 
negative pattern. The 
developed passive 
SHM with a positive 
pattern can be easily 
integrated into a 
microfluidic device to 
enhance the mixing 
efficiency of various 
biological and 
chemical reactions. 
Disadvantage: 
Complicated patterns 
of the microstructure 
to be fabricated using 
photolithographic. 
[79] 
Phase 
guided 
passive 
batch 
microfluidic 
mixing 
chamber for 
isothermal 
amplification 
 This microfluidic is a 
rapid pathogen 
detection system 
utilizing isothermal 
nucleic acid 
amplification in a 
microfluidic chip.  
Advantage: A simple 
and low-cost 
fabrication method is 
used which combines 
dry film resist 
technology and direct 
[80] 
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 wafer bonding.  
Disadvantage: Only 
tested using RPA. 
Microfluidic chip has 
not been tested on the 
different viscosity of 
fluids.  
Biomimetic 
artificial 
cilia-based 
microfluidic 
device 
 
 
 
 
 
 
An Integrated 
Artificial Cilia Based 
Microfluidic Device 
that can efficiently 
facilitate both mixing 
and propulsion 
sequentially at the 
micro-scale. 
Advantage: A superior 
micromixing and 
stable propulsion 
capacity were 
evidenced through the 
microfluidic device at 
the same budget cost, 
with minimal energy 
spent 
Disadvantage: 
Magnetic actuation 
system is required to 
actuate the artificial 
cilia in the microfluidic 
chip in a cyclic 
manner.  
[81] 
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